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The symmetric core of the nuclear pore com-
plex can be considered schematically as a se-
ries of concentric cylinders. A peripheral cylin-
der coating the pore membrane contains the
previously characterized, elongated heptamer
that harbors Sec13-Nup145C in its middle sec-
tion. Strikingly, Sec13-Nup145C crystallizes as
a hetero-octamer in two space groups. Oligo-
merization of Sec13-Nup145C was confirmed
biochemically. Importantly, the numerous inter-
acting surfaces in the hetero-octamer are evo-
lutionarily highly conserved, further underlining
the physiological relevance of the oligomeriza-
tion. The hetero-octamer forms a slightly
curved, yet rigid rod of sufficient length to
span the entire height of the proposed mem-
brane-adjacent cylinder. In concordance with
the dimensions and symmetry of the nuclear
pore complex core, we suggest that the cylin-
der is constructed of four antiparallel rings,
each ring being composed of eight heptamers
arranged in a head-to-tail fashion. Our model
proposes that the hetero-octamer would verti-
cally traverse and connect the four stacked
rings.
INTRODUCTION
The nuclear pore complex (NPC) mediates the selective
exchange of macromolecules between the nucleus and
cytoplasm (Hoelz and Blobel, 2004; Pemberton and Pas-
chal, 2005). Electron microscopic reconstructions have
revealed that the NPC is a cylindrical structure that con-
sists of a central core with eight-fold rotational symmetry
across a nucleocytoplasmic axis and two-fold symmetry
in the plane of the nuclear envelope (Beck et al., 2004;
Yang et al., 1998). This symmetric core is linked to asym-
metric ‘‘cytoplasmic filaments’’ and a ‘‘nuclear basket’’
structure (Fahrenkrog et al., 2004). The NPC is one of
the largest supramolecular assemblies in the eukaryoticCellcell (Reichelt et al., 1990), composed of about 30 different
proteins termed nucleoporins (nups) (Cronshaw et al.,
2002; Rout et al., 2000). In cells with open mitosis, the
NPC is disassembled either into individual nups or various
nup subcomplexes (Belgareh et al., 2001; Glavy et al.,
2007; Loiodice et al., 2004; Vasu et al., 2001). Similar sub-
complexes have also been obtained by dissecting intact
NPCs using nonionic detergents and a range of salt con-
centrations (for review see Suntharalingam and Wente,
2003).
In yeast, in vivo dissection employing the tagging of pro-
teins and subsequent pullout initially yielded a pentameric
‘‘Nup84’’ complex consisting of Nup84, Nup120, Nup85,
Sec13, and Seh1 (Siniossoglou et al., 1996). Subsequent
pullout experiments established that Nup145C and
Nup133 are additional members of a now heptameric
Nup84 complex (Allen et al., 2001; Lutzmann et al., 2005;
Siniossoglou et al., 2000). To reconstitute the heptameric
Nup84 complex from recombinant yeast proteins, Lutz-
mann et al. coexpressed up to three tagged nups in Es-
cherichia coli, purified the resulting complexes, and as-
sembled them into a heptamer (Lutzmann et al., 2002).
By subjecting the individual subcomplexes and the assem-
bled heptamer to shape analysis by negative stain electron
microscopy, the relative position of the seven members
within the heptamer could be established (Figure 1A).
Nup133 is at the base, followed by Nup84, the Sec13-
Nup145C complex in the center, and the Nup120-
Nup85-Seh1 complex at the top. Nup120 is capable of
interacting with both the Sec13-Nup145C as well as the
Seh1-Nup85 complex. The entire heptamer measures
about 400 A˚ in length and forms a Y-shaped structure.
Although the spatial arrangement of the heptameric
complexes in the symmetric NPC core is currently un-
known, it has been suggested that they serve as ‘‘mem-
brane-curving modules,’’ similar to the members of the
COPI, COPII, and clathrin complexes (Devos et al.,
2004). The heptameric complex may ‘‘coat’’ the curvature
between the inner and outer nuclear membrane (also
termed the ‘‘pore membrane’’ domain of the nuclear enve-
lope, or POM). Intriguingly, Sec13 is not only a member of
the NPC but also of the COPII complex (Bickford et al.,
2004; Fath et al., 2007; Gurkan et al., 2006; Lederkremer
et al., 2001; Salama et al., 1997). In addition, Nup133 has
been shown to contain a membrane-curvature-sensing131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc. 1313
Figure 1. Organization and Dynamic Behavior of the Sec13-Nup145C Complex
(A) Schematic representation of the heptameric complex and the approximate localization of its seven nups (Lutzmann et al., 2002). (B) Domain struc-
tures of human Sec13 and yeast Nup145C. For Sec13, the WD40 repeats (orange), the C-terminal tail (T) (red), and the numbering relative to human
Sec13 are indicated. For Nup145C, the unstructured N-terminal region (gray), the domain invasion motif (DIM) (magenta), the aB-aC connector (C)1314 Cell 131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc.
motif, further supporting the nuclear pore membrane local-
ization of the heptamer within the NPC (Drin et al., 2007).
All members of the yeast heptameric complex are evolu-
tionarily conserved, but the vertebrate counterpart contains
two additional proteins, Nup43 and Nup37 (Fontoura et al.,
1999; Glavy et al., 2007; Loiodice et al., 2004; Vasu et al.,
2001; Walther et al., 2003). Deletion or immunodepletion of
any nup from these complexes in yeast or other eukaryotic
cells has dramatic consequences on the organization of
the nuclear envelope and the NPC, as well as on the nuclear
export of polyadenylated RNAs (Bai et al., 2004; Boehmer
et al., 2003; Dockendorff et al., 1997; Siniossoglou et al.,
1996; Siniossoglou et al., 2000; Vasu et al., 2001).
The proteins of the heptameric complex have been pre-
dicted to be b-propellers (Sec13, Seh1), a-helical sole-
noids (Nup84, Nup85, Nup145C), or a combination of
both (Nup133, Nup120) (Devos et al., 2006). To date, the
only domain of the heptameric complex for which an
atomic structure has been determined is the b-propeller
domain of Nup133 (Berke et al., 2004). Here, we report
the biochemical characterization and the crystal structure
of the heterodimeric Sec13-Nup145C complex. Based on
our present structural analysis and previous electron mi-
croscopical studies, we propose a model depicting how
the heptameric complex is organized into a cylindrical,
membrane-coating scaffold in the NPC.
RESULTS
Analysis of Oligomeric State
Nup145C is generated by the autoproteolytic cleavage of
a nascent precursor polypeptide, yielding Nup145N and
Nup145C (Nup98 and Nup96 in vertebrates) (Fontoura
et al., 1999; Teixeira et al., 1997). The yeast Nup145C
polypeptide chain (residues 1 to 711) can be divided into
two regions: an N-terminal, 125 residue region that lacks
any apparent structural elements followed by a 586 resi-
due region that is predominantly a helical and that has
been predicted to form an a-helical solenoid domain
(Figure 1B). Both human and yeast Sec13 contain six
WD40 repeats that form a b-propeller (Fath et al., 2007;
Saxena et al., 1996) (Figure 1B). Interestingly, the human
Sec13 contains an additional C-terminal region of 25 res-
idues that is not present in the yeast homolog.
We designed a large array of constructs of ySec13,
hSec13,andyNup145Candcoexpressed themasrecombi-
nant proteins to obtain isomeric yeast-yeast or chimeric
human-yeast Sec13-Nup145C complexes. The resulting
complexes were characterized by limited proteolysisCe(Figure S1). We found a proteolytically stable fragment of
Nup145C (residues 125 to 555) that was used in all subse-
quent experiments and, for the sake of simplicity, is referred
to as Nup145C. For ySec13, full-length constructs were
used exclusively, whereas for hSec13 either full-length or
a C-terminally truncated form (residues 1 to 316) was em-
ployed. The resulting isomeric or chimeric dimers were
then analyzed by size-exclusion chromatography (SEC).
Sec13-Nup145C heterodimers that contained either
yeast (Figure 1C) or human (Figure 1D) full-length Sec13
formed higher-order oligomers in a concentration-depen-
dent fashion. Various oligomerization states were ob-
served. There was a dynamic equilibrium between hetero-
dimeric and heterotetrameric states in the yeast-yeast
complex, with a small amount of hetero-octamers ob-
served at high concentrations (Figure 1C). Likewise, there
was a dynamic equilibrium between heterodimeric and
heterotetrameric states for the chimeric human-yeast
complex, although a higher ratio of hetero-octamer and
even an additional heterododecamer peak existed
(Figure 1D). In conclusion, both isomeric and chimeric
Sec13-Nup145C heterodimers resemble each other in
their tendency to oligomerize.
We obtained crystals from isomeric and chimeric heter-
odimers that contained full-length Sec13, but they were of
low crystallographic quality. We discovered that trunca-
tion of hSec13 by six residues yielded higher-quality crys-
tals. We refer to this complex of truncated proteins as the
Sec13-Nup145C heterodimer.
SEC of this chimeric complex showed again a dynamic
equilibrium between heterodimers and heterotetramers.
However, the reduced oligomerization tendency of this chi-
meric complex yielded only barely detectable amounts of
hetero-octamers (Figure 1E). Further analysis of the principal
peak of the chimeric heterodimer by combining SEC with
multiple angle light scattering (Figure 1F) unambiguously es-
tablished that the peak in Figure 1E represents a dynamic
equilibrium between heterodimers and heterotetramers.
We also analyzed the oligomeric behavior of human and
yeast Sec13 in isolation by SEC and found that both pro-
teins exist in a dynamic equilibrium between monomers
and dimers (Figures S2A and S2B). The much higher de-
gree of hSec13 dimerization is strongly dependent on
the final six C-terminal residues (Figure S2C).
Structure Determination
Crystals of the Sec13-Nup145C heterodimer appeared in
the monoclinic space group C2 and the orthorhombic
space group C2221. Each crystal form contained an(red), the a-helical domain (blue), and the C-terminal a-helical region (light pink) are indicated. The numbering is relative to the yeast Nup145C. The
bars above the domain structures of both proteins mark the crystallized fragments and are referred to as the Sec13-Nup145C complex. Gel filtration
profiles of (C) the ySec13-Nup145C complex, (D) the hSec131-322-Nup145C complex, and (E) the C-terminally truncated hSec131-316-Nup145C com-
plex are shown. All proteins were injected at the indicated concentrations. The predicted elution positions for the various assembly states of the
Sec13-Nup145C complexes are shown and have been determined using molecular weight standards. (F) Multiangle light scattering analysis of
the hSec131-316-Nup145C complex. The black bars on each side of the peak delimit the data points used for further analysis (upper panel). Molecular
weights were determined by light scattering at the three indicated protein concentrations (lower panel). The complex forms a concentration-depen-
dent, polydisperse dynamic equilibrium between heterodimeric and heterotetrameric assemblies in solution.ll 131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc. 1315
Figure 2. Overview of the Structure of the Sec13-Nup145C Hetero-Octamer
(A) Ribbon representation of the Sec13-Nup145C hetero-octamer, showing Sec13 in yellow and orange and Nup145C in green and blue. A 90 rotated
view is shown on the right. The three pseudo-two-fold axes (black ovals) that run through the hetero-octamer and the overall dimensions are indi-
cated. The Sec13-Nup145C hetero-octamer forms a slightly bent rod.
(B) Schematic representation of the Sec13-Nup145C hetero-octamer. Magenta lines indicate interaction surfaces.identical 400 kDa hetero-octamer in the asymmetric
unit. The structures of both crystal forms were determined
independently by multiple anomalous dispersion (MAD),
using X-ray diffraction data obtained from seleno-L-methi-
onine (SeMet)-labeled and several heavy-metal derivat-
ized crystals (Figure S3). The final structures derived
from the two space groups were refined to a 3.0 A˚ and
3.15 A˚ resolution, respectively (for details see Tables S1
and S2). As the two structures are overall very similar,
we will focus our discussion on the structural information
obtained from the orthorhombic crystal form.
Architectural Overview
The Sec13-Nup145C hetero-octamer forms a slightly bent
rod with overall dimensions of approximately 285 A˚ 3
100 A˚ 3 50 A˚ (Figures 2A and 2B and Movies S1 and
S2). The rod contains three pseudo-two-fold axes of sym-
metry. The central axis of symmetry passes through two
heterotetramers that associate primarily, but not exclu-
sively, via the homodimerization of Sec13. Around the ad-
jacent two axes of symmetry, heterodimers interact exclu-
sively through the homodimerization of Nup145C.1316 Cell 131, 1313–1326, December 28, 2007 ª2007 ElsevieBoth Sec13 and Nup145C interact with each other via
several distinct surfaces that have been highly conserved
in evolution. Overall, Nup145C has a novel fold in the form
of a U-shaped structure (Figure 3A). Sec13 contains six
WD40 repeats that fold into an ‘‘open,’’ six-bladed b-pro-
peller. In contrast to a canonical b-propeller fold, there is
no ‘‘Velcro’’ closure. The N-terminal domain of Nup145C
forms an additional three-stranded blade that is inserted
into Sec13’s b-propeller fold, complementing it with a sev-
enth blade (Figures 3B–3E and Movies S3 and S4).
Structure of the Sec13-Nup145C Heterodimer
Our Sec13 expression construct contains 14 residues on
its N terminus that are predicted to contain an additional
b strand that would typically complete the last blade in
the b-propeller architecture, as well as 12 C-terminal res-
idues that are predicted to contain two additional
b strands. However, these residues are not visible in the
electron density map and therefore are presumably disor-
dered. Hence, we detected the C-terminal residues that
are common for ySec13 and hSec13 but not the additional
C-terminal residues that are unique to hSec13.r Inc.
The 50 residue N-terminal region of Nup145C folds
into an a helix (aA), followed by a short connecting seg-
ment (aA-b1 connector), and three antiparallel b strands
(b1–b3) (Figure 3A). Together, this region represents the
‘‘domain invasion motif,’’ or DIM, of Nup145C. The
DIM’s a helix aA and the aA-b1 connector segment inter-
act with Sec13’s D-A and B-C loops from all six of its
blades, forming the top face of the b-propeller domain
(Figures 3B–3E). These surface loops form a circular
bracelet that appears to stabilize the open conformation
of Sec13’s b-propeller domain. The DIM’s three b strands
form a seventh blade that is inserted between blades
1 and 6 of the Sec13 b-propeller domain (Figures 3D
and 3E).
The DIM is followed by a short segment that connects
an 400 residue C-terminal domain. This C-terminal do-
main is principally constructed of 18 antiparallel a helices
(aB-aS) that form a novel fold (Figure 3A). A striking kink
extending from aE to aH allows the chain to fold back
onto itself. The resulting U-shaped structure is held to-
gether by extensive hydrophobic interactions between
the ascending and descending arms of the ‘‘U’’ and by
a 20 residue long loop (between aB and aC) that extends
from the U’s descending arm and wraps around the U’s
ascending arm (Figures 3A–3C). The four C-terminal a he-
lices (aP–aS) tightly interact with almost all of the A-B and
C-D loops of the six blades that connect the b strands on
the bottom face of Sec13’s b-propeller domain (Figure 3B).
Altogether, the interaction between the two proteins
covers 5250 A˚2 of surface area and involves 69 and 58
residues of Sec13 and Nup145C, respectively (Figures
S4–S7). The Sec13 residues participating in complex for-
mation are essentially conserved between human and
yeast, in line with the observation that human Sec13 can
replace yeast Sec13 in the Sec13-Nup145C complex
(Figure S1). The conservation, the nature, and the sheer
size of the Nup145C and Sec13 interaction strongly sug-
gest that both proteins form a very tight structural unit,
highly conserved through eukaryotic evolution.
Structure of the Sec13-Nup145C Heterotetramer
The heterotetramer is formed by head-to-head homodi-
merization of Nup145C. Four a helices (aF, aH, aI, and
aJ) that are located in the center of the domain at the sharp
kink where the domain folds back onto itself form a pre-
dominantly hydrophobic interface that covers 2700 A˚2
of surface area (Figure 4). A two-fold axis of symmetry
runs through the dimerization interface (Figure 5A). Again,
this interface is highly conserved and appears to stabilize
the sharp kink of the Nup145C a-helical domain.
The Curved Hetero-Octameric
Sec13-Nup145C Rod
In both crystal forms, we identified identical Sec13-
Nup145C hetero-octamers that are packed differently in
the two crystal lattices. These two hetero-octamers su-
perimpose with a mean square root deviation of 0.75 A˚,
strongly suggesting that the overall structure is rigidCell(Figure S8). The hetero-octamer is constructed by the
head-to-head interaction of two heterotetramers, involv-
ing the surfaces of both Sec13 and Nup145C. Yet again,
the two interacting interfaces are highly conserved in evo-
lution and are predominantly hydrophobic (Figure 4). The
first interface is via Sec13 homodimerization and is facili-
tated by the two terminal b strands C and D of blades 5
and 6, the interblade groove between the two blades, as
well as the connector loops 5D-6A and 6BC (Figure 5B).
This interface covers 1100 A˚2 of surface area buried be-
tween the two Sec13 b-propellers. The Sec13 dimeriza-
tion surface is essentially invariant between the yeast
and human proteins (Figures S4 and S6). The second in-
terface is generated by the trans interaction of each of
the two Sec13 b-propellers with an adjacent Nup145C.
This interaction involves the interblade connector loops
3D-4A and 4D-5A of Sec13 and the aM-aN connector
loop of the Nup145C a-helical domain and together
covers 600 A˚2. Hence, in total, 1700 A˚2 of surface area
is buried between the two Sec13-Nup145C heterote-
tramers (Figures 4 and S7).
The fact that we crystallized a hetero-octamer, when
this form was present in solution only in small quantities,
is readily explained by protein concentration differences
that we estimate to be more than one order of magnitude
higher in the crystal than the highest concentration we
tested in solution (Figure 1). A protein concentration simi-
lar to that in the crystal is likely in the NPC in vivo.
In conclusion, the architecture of the hetero-octamer is
shaped by multiple interactions involving several inter-
faces. The highly conserved interfaces exhibit a scale of
strength that is based on their character and size. This is
also confirmed by our solution data and by the PISA inter-
face evaluation algorithm (Krissinel and Henrick, 2005).
A Conserved Architectural Principle
Within the NPC, Sec13 has a close homolog, Sec13-ho-
mology-1 (Seh1), that is associated with Nup85. The
Seh1-Nup85 heterodimer is located at one end of the hep-
tameric complex (Lutzmann et al., 2002). Sec13 and Seh1
share 70% homology on the sequence level. Of the 37
Sec13 residues that are directly involved in the formation
of the Nup145CDIM interface, 20 residues are identical,
and 17 residues are conserved in Seh1 (Figure S4). This
analysis strongly suggests that the Seh1 b-propeller do-
main forms an identical overall structure. Moreover,
Nup145C and Nup85 are similar in size and share an iden-
tical domain structure, in which a short N-terminal b sheet
region is followed by a C-terminal a-helical domain. Al-
though the overall sequence homology between
Nup145C and Nup85 is only 35%, both proteins can
be aligned (Figure S5), suggesting that the two proteins
form the same overall fold. Through secondary structure
analysis, the N-terminal region of Nup85 is predicted to
form a short N-terminal a helix followed by three short
b strands. This arrangement closely resembles the sec-
ondary structures of the DIMs of Nup145C and Nup96
(the human homolog of Nup145C), suggesting that131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc. 1317
Figure 3. The Interaction of the Nup145C a-Helical Domain with the Sec13 b-Propeller
(A) The ribbon representation of the Nup145C structure is shown in rainbow colors along the polypeptide chain from the N to the C terminus. The N-
terminal domain invasion motif (DIM), the C-terminal a-helical domain, and their secondary structure elements are indicated.
(B) The structure of the Sec13-Nup145C heterodimer. The Nup145CDIM (magenta), the Nup145C a-helical domain (blue), the Nup145C aB-aC
connector segment (red), and the Sec13 b-propeller (yellow) are indicated; a 90 rotated view is shown on the right.
(C) Schematic representation of the Sec13-Nup145C interaction.1318 Cell 131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc.
Figure 4. Surface Properties of the Sec13-Nup145C Heterodimer
(A) Surface rendition of the Sec13-Nup145C complex. The surface is colored according to the proteins (Sec13, yellow; Nup145C, blue) and their par-
ticipation in various interactions (Sec13 from the adjacent complex, orange; Nup145C from the adjacent complex, purple; Nup145C homodimeriza-
tion, green).
(B) Nup145C is colored according to sequence conservation, from 40% similarity (white) to 100% identity (green).
(C) Surface rendition of Nup145C, colored according to the electrostatic potential, from red (10 kBT/e) to blue (+10 kBT/e).Nup85 contains a DIM that is capable of complementing
the b-propeller fold of Seh1 (Figure S9). Strikingly, the
most highly conserved Nup85 residues are located in
the a helices that form the homodimerization element of
the Nup145C a-helical domain, suggesting that Nup85 is
also capable of dimerizing.
To test this prediction, we expressed a yeast-yeast
Seh1-Nup85heterodimerusing full-length Seh1anda frag-
ment of Nup85 containing residues 1 to 570. The design ofCellthis Nup85 fragment was based on the Nup145C and
Nup85 sequence alignment (Figure S5). The expressed
Seh1-Nup85 complex was purified and analyzed by SEC.
We found that the Seh1-Nup85 complex forms a dynamic
equilibrium between heterotetramers and hetero-oc-
tamers (Figure 6), very similar to the Sec13-Nup145C com-
plex (Figure 1). In contrast to the Sec13-Nup145C, the
Seh1-Nup85 dimers are tightly associated, yielding a sharp
heterotetramer peak even at lower concentrations, with no(D) The b-propeller domain of Sec13 in complex with the Nup145CDIM. Sec13 is shown in yellow, and the six blades are indicated. The Nup145CDIM
forms a three-stranded seventh blade, complementing the Sec13 b-propeller domain.
(E) Schematic representation of the Sec13 b-propeller and its interaction with the Nup145CDIM.131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc. 1319
Figure 5. The Assembly of the Sec13-Nup145C Hetero-Octamer
(A) Ribbon representation of the dimerization of the Nup145C a-helical domain. For clarity, only the two interacting Nup145C protomers in the hetero-
octamer are colored (green and blue). The centrally located a helices that facilitate the homodimerization of Nup145C are indicated. A 180 rotated
view is shown on the right.
(B) The dimerization interface located in the center of the Sec13-Nup145C hetero-octamer. The two Sec13 b-propeller domains (orange and yellow)
and two Nup145C molecules (blue) are colored. The two Sec13 C termini (the last ordered residue is Val304) are indicated and are only10 A˚ apart. A
90 rotated view is shown below. The locations of the pseudo-two-fold axes of symmetry that run through both interfaces are indicated (black ovals).heterodimers detectable (Figure 6). Hence, the two com-
plexes differ only in the relative strengths of their tetrame-
rization interfaces, confirming our prediction that these two
complexes are likely to be structurally similar.
DISCUSSION
We have determined the crystal structure of the Sec13-
Nup145C dimer, a centrally located part of a previously
characterized heptameric subcomplex of the NPC. Most
strikingly, Sec13-Nup145C forms a hetero-octamer in
two independent crystal forms as well as in solution.1320 Cell 131, 1313–1326, December 28, 2007 ª2007 ElsevieThese data led us to propose a model of how this het-
ero-octamer organizes heptameric subcomplexes into
a peripheral cylindrical scaffold coating of the pore mem-
brane of the nuclear envelope (Figure 7).
Structure of the Sec13-Nup145C Hetero-Octamer
The key aspect of this model is our finding here, that
Sec13-Nup145C forms a hetero-octamer (Figure 2). The
basic unit of this structure is the Sec13-Nup145C hetero-
dimer (Figure 3). The N-terminal portion of Nup145C
invades the six-bladed b-propeller structure of Sec13,
thereby providing a seventh blade. The remaining portionr Inc.
Figure 6. Biochemical Characterization
of the Seh1-Nup85 Complex
(A) Domain structures of yeast Seh1 and yeast
Nup85. For Seh1, the six WD40 repeats (or-
ange), the C-terminal tail (T) (red), and the num-
bering are indicated. For Nup85, the predicted
domain invasion motif (DIM) (magenta), the
a-helical domain (blue), and the C-terminal
a-helical region (light pink) are indicated. The
bars above the domain structures of both pro-
teins mark the expressed fragments.
(B) Gel filtration profiles of the yeast Seh1-
Nup85 complex. The Seh1-Nup85 complex
was injected at the indicated protein concen-
trations. The predicted elution positions for
heterotetrameric and hetero-octameric Seh1-
Nup85 complexes are shown and have been
determined using molecular weight standards.of Nup145C forms a domain of eighteen antiparallel a heli-
ces. A sharp kink in the middle of this a-helical domain re-
sults in an overall U-shaped structure (Figure 3). Next, the
Sec13-Nup145C dimer forms a heterotetramer via a head-
to-head association involving the bent region of the two
Nup145Cs (Figure 2). Finally, two heterotetramers associ-
ate into a hetero-octamer via the homodimerization of
Sec13 and the interaction of a Sec13 with the descending
arm of the U of a ‘‘trans’’ Nup145C molecule (Figures 2
and 5). We have also shown that Sec13 can form a dimer
in solution (Figure S2), supporting the critical role that
Sec13 plays in the hetero-octamerization.
The intermolecular interactions within the hetero-oc-
tamer involve large, primarily hydrophobic surfaces. Strik-
ingly, all of these interfaces are evolutionarily highly con-
served (Figures 4 and S4–S7) and, therefore, are likely to
be physiologically relevant. However, it remains to be es-
tablished whether this hetero-octamer also exists in vivo
and to what extent the presence of other nups would
affect oligomerization.
Model for the Structural Function of Sec13-
Nup145C as a Pole in a Pore Membrane Coat
Our discovery of the Sec13-Nup145C hetero-octamer and
the elucidation of its structure yielded important insight
about the architecture of the coat adjacent to the pore
membrane of the nuclear envelope. Based on the order
of the Sec13 and Nup145C molecules in the hetero-oc-
tamer and the fact that the hetero-octamer forms a bentCerod about 285 A˚ long and with three approximately equi-
distant axes of two-fold symmetry (Figure 2), we propose
that the hetero-octamer forms a vertical pole that con-
nects four horizontally arranged rings, each composed
of eight heptamers (Figures 7A and 7B). To satisfy the
symmetry of the hetero-octamer, the heptamers in each
ring must be arranged in a head-to-tail fashion (Figure 7A)
and the rings stacked on top of each other in an antiparal-
lel manner (Figure 7B). Moreover, because the hetero-oc-
tamer is a slightly bent rod (Figure 2), we suggest that the
concave surface of this rod follows the bent contour of the
pore membrane, whereas the convex surface faces the
next inward layer of nups. Our model satisfies the require-
ments for the outer dimension (about 1000 A˚ in diameter
and 300 A˚ in height) and the axes of symmetry (eight-
fold axis in the nucleocytoplasmic direction and a perpen-
dicular two-fold axis in the plane of the nuclear envelope)
of the symmetric core of the yeast NPC that were estab-
lished by cryoelectron microscopy (Yang et al., 1998). Re-
garding various established dimensions, each heptamer
has been determined by negative stain electron micros-
copy to be about 400 A˚ long (Lutzmann et al., 2002).
Hence, eight heptamers would add up to a ring of 3200 A˚
circumference with a diameter of about 1000 A˚. Further-
more, the length of the Sec13-Nup145C hetero-octamer
of 285 A˚ matches the height of the core of the NPC
(Yang et al., 1998). With respect to symmetry, the two-
fold axis of symmetry passing through the tetramerization
interface (Figure 2) and the circumferential arrangement ofll 131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc. 1321
Figure 7. Model for the Architecture of
the Symmetric NPC Core
(A and B) Eight Heptamers are circumferen-
tially arranged in a head-to-tail fashion in four
stacked rings. The Sec13-Nup145C and
Seh1-Nup85 hetero-octamers serve as vertical
poles connecting the four rings, thereby form-
ing a scaffold. The poles are connected
through their interaction with the remaining
nups of the heptameric complex. Based on
the two-fold axes of symmetry in the Sec13-
Nup145C hetero-octamer, the heptameric
complex rings are stacked with opposite direc-
tionality.
(C) The symmetric core of the NPC is schemat-
ically represented as a series of concentric cyl-
inders as discussed in the text. Each of the four
envisaged cylinders would contain the princi-
pal mass of the following proteins: integral
pore membrane proteins (Pom152, Pom34,
and Ndc1), coat nups (Seh1, Nup85, Nup120,
Sec13, Nup145C, Nup84, and Nup133), adap-
tor nups (Nic96, Nup192, Nup188, Nup157,
and Nup170), and the channel nups (Nsp1,
Nup49, and Nup57).eight heptamers in head-to-tail order in each of the rings
(Figure 7B) satisfies the requirement for two-fold and
eight-fold axes of symmetry, respectively.
A Seh1-Nup85 Hetero-Octamer May Function
as an Additional Pole in the Pore Membrane Coat
Our finding that Nup85 is structurally homologous to
Nup145C suggested that it may interact with Seh1 in
a way similar to Sec13’s interaction with Nup145C, i.e.,
that the N-terminal region of Nup85 may contribute a sev-
enth blade to the six-bladed Seh1 b-propeller. Moreover,
the C-terminal regions of Nup145C and Nup85 are con-
served in their sequence and secondary structure, sug-
gesting that they form a similar overall fold (Figure S5). In-
deed, when we expressed the Seh1-Nup85 heterodimer
with domain boundaries predicted by sequence align-1322 Cell 131, 1313–1326, December 28, 2007 ª2007 Elseviements, we detected similar hetero-octameric assemblies
by SEC (Figure 6). These data strongly support our model
and suggest that Seh1-Nup85 forms a second vertical
pole in the heptameric complex scaffold, yielding a total
of 16 poles (Figures 7A and 7B). The two poles might be
linked by their association with Nup120 and the Nup84-
Nup133 heterodimer. Of course, our model leaves room
for additional interactions of the heptameric nups in both
the horizontal and vertical direction and, therefore, might
be helpful in instructing a directed structural and biochem-
ical analysis of the cylindrical scaffold.
Further Implication of the Model
Based on the slight curvature of the Sec13-Nup145C het-
ero-octamer, the cylindrical scaffold of the coat requires
a wider circumference in the bottom and top rings of ther Inc.
cylinders. Closer inspection of the arrangement indicates
the presence of unique sites in the bottom and top rings.
For example, there are unpaired Sec13 dimerization sur-
faces as well as the heptameric head-to-tail sites that
are present (or accessible) only in the top and bottom
rings. These distinct marks could serve to direct the at-
tachment and interdigitation of asymmetric nups, thereby
perhaps also yielding a wider diameter of the outer rings.
Our model suggests a stoichiometry of 32 copies of
each of the heptamer nups per NPC, with a total mass
of approximately 16 megadaltons. This conclusion con-
flicts with previous estimates that were based on semi-
quantitative methods and that suggested 16 copies of
the heptameric nups per NPC (Cronshaw et al., 2002;
Rout et al., 2000). It is clear, however, that these semi-
quantitative determinations could only yield nup ratios
but not absolute numbers.
We have also considered an alternative arrangement of
the Sec13-Nup145C hetero-octamer, where the bent rod
would be rotated: the long axis by 90, placing it in the
plane of the nuclear envelope, and the short axis by
180, whereby the convex surface would face the center
of the pore. To satisfy the symmetry and the dimension
of the NPC core, the hetero-octamer must further poly-
merize so as to obtain a closed ring with a diameter of
1000 A˚. However, the hetero-octamer polymerization,
primarily via Sec13 homodimerization (Figure S10A),
yields a stretched-out spiral rather than a closed ring,
with an outer diameter of only 300 A˚ (Figure S10B). Fur-
thermore, such an alternative arrangement is also not in
agreement with our oligomerization data on the Seh1-
Nup85 complex. Hence, this alternative arrangement is
likely physiologically irrelevant.
Architecture of the NPC Core as a Series
of Concentric Cylinders
In our highly schematic representation (Figure 7C), we
have depicted the NPC core as a series of concentric cyl-
inders. The innermost cylinder represents the conduit for
nucleocytoplasmic transport and is envisaged to be com-
posed of the a-helical domains of channel nups. An atomic
structure of two a-helical domains of two representative
channel nups has recently been established (Melcak
et al., 2007). These nups contain ‘‘sliding’’ a helices that
may allow varying the diameter of the central transport cyl-
inder according to cargo size. Because of the dynamic as-
pect of the components of the innermost transport cylin-
der, we envisage that the nups that are sandwiched
between the transport and the coat cylinder would func-
tion as adapters, cushioning the dynamic variations in
the transport cylinder diameter. Of course, the concept
of a series of concentric cylinders should not be misinter-
preted as meaning that these have ‘‘solid’’ walls. Rather,
we envisage porous walls that would allow interdigitation
and invasion of nup regions from adjacent cylinders. For
example, the sixteen poles of the coat cylinder could
form the poles of a fence, in which horizontal interconnec-
tions between domains of integral membrane proteins ofCellthe pore membrane cylinder and the adaptor nup cylinder
could be established. A great deal of flexibility in protein
associations, both in the horizontal and vertical direction
of these cylinders, must occur to accommodate the
movement of the cytoplasmic/nucleoplasmic portions of
integral membrane proteins across the NPC (King et al.,
2006). Moreover, electron-tomographic studies reveal
dynamics in the structure of the NPC induced by the trans-
port of soluble substrates (Beck et al., 2004).
Comparison to COPII Complex
After completion of our crystallographic analyses, Fath
et al. published crystal structures depicting the yeast
Sec13-Sec31 heterodimer that is part of the COPII com-
plex for vesicular transport from the ER to the Golgi appa-
ratus (Fath et al., 2007). The only structural similarity
between the Sec13-Nup145C and the Sec13-Sec31 het-
erodimers is that in both cases the dimerization partner
provides a seventh blade to the Sec13 b-propeller. The
heterodimer structure, the oligomerization to a heterote-
tramer, and the proposed higher-order oligomerization of
these two complexes are completely different (Figure S11).
The conserved feature between the two structures is the
six-bladed Sec13 b-propeller domain that is comple-
mented by an additional seventh blade provided by the
DIMs of Nup145C or Sec31. Strikingly, the Sec13 b-pro-
peller domain is capable of accommodating both DIMs
even though they are completely different in their primary
sequences (Figures S9, S11A, and S11B). Moreover, the
a-helical domains of Nup145C and Sec31 have com-
pletely different folds and topologies, yet both bind to
overlapping regions on the bottom face of Sec13’s b-pro-
peller domain (Figure S11C). A comparison between the
two structures reveals that the Sec13-Nup145C complex
is overall much more compact (Figure S11C). The inter-
faces between Sec13 and the a-helical domains of
Nup145C and Sec31 are unrelated, and the a-helical do-
mains of either protein extend with different angles from
the Sec13 b-propeller domain, resulting in an 45 rota-
tion with respect to their longest axes (Figure S11C).
Although both heterodimers form heterotetramers via
their a-helical domains, their dimerization interfaces are
different. While the Nup145C homodimerization interface
appears rigid, the homodimerization interface of the
Sec31 a-helical domain was proposed to form an adapt-
able hinge that would be required for the accommodation
of various size vesicles (Fath et al., 2007). Both complexes
oligomerize beyond the heterotetramer. Our crystallo-
graphic studies depict two Sec13-Nup145C heterote-
tramers that assemble into a hetero-octamer primarily
via homodimerization of Sec13. In the case of the COPII
complex, the higher-order oligomerization of its outer
coat was deduced from fitting the Sec13-Sec31 heterote-
tramer into cryoelectron-microscopical density maps. It
was proposed that lace-like cages are formed by an
asymmetric homotetramerization of the N-terminal b-pro-
peller domains of Sec31 (Fath et al., 2007). A dimerization
of the Sec13-Sec31 heterotetramer via Sec13, as has131, 1313–1326, December 28, 2007 ª2007 Elsevier Inc. 1323
been described here for the Sec13-Nup145C complex,
appears unlikely for the Sec13-Sec31 for steric reasons
(Figure S11D). Hence, the function of Sec13 in either the
NPC or the COPII complex has not been conserved. At
this stage of structural analysis, the presence and the
functional significance of Sec13 in the COPII complex
remain a mystery.
The coat for the nuclear pore membrane does not form
lace-like cages, as is the case for COPII and clathrin com-
plexes (Bickford et al., 2004; Fath et al., 2007; Gurkan
et al., 2006; Lederkremer et al., 2001; Salama et al.,
1997) but instead forms a cylindrical layer that apposes
the nuclear pore membrane. Unlike the vesicular transport
cages, the nuclear pore membrane coat has evolved to
recruit numerous additional proteins to transform the
function of a mere membrane-coating module (Devos
et al., 2004) into the bidirectional transport organelle that
constitutes the nuclear pore complex.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
DNA fragments of yeast Nup145C (residues 1–711, and 125–555) were
amplified by PCR and cloned into the pETDuet-1 (Novagen) expres-
sion vector using BamHI and NotI restriction sites. The resulting
Nup145C fusion proteins contained an N-terminal 6-His tag. The am-
plified PCR fragments of human or yeast Sec13 (residues 1–322 and
1–316 of hSec13 and residues 1-297 of ySec13) were cloned into
pET24b (Novagen) for the expression of untagged proteins. Using
the same restriction sites, the full-length hSec13 (residues 1–322) frag-
ment was cloned into a modified pET28a vector (Novagen) that con-
tained a PreScission protease site directly after the N-terminal 6-His
tag (Hoelz et al., 2003). DNA fragments encoding full-length yeast
Seh1 (residues 1–349) and a C-terminally truncated yeast Nup85 frag-
ment (residues 1-570) were cloned into the pETDuet-1 vector using
BamHI-NotI and NdeI-XhoI restriction sites, respectively. The expres-
sion constructs are listed in Table S3.
For the expression of Sec13-Nup145C complexes, E. coli BL21-Co-
donPlus (DE3)-RIL cells (Stratagene) were cotransformed with the ap-
propriate expression vectors, using the untagged Sec13 variants. Pro-
tein expression was carried out in LB medium and induced by the
addition of 0.5 mM IPTG at 18C for 16 hr. Cells were harvested by
centrifugation and resuspended in a buffer containing 50 mM K-phos-
phate, pH 7.4, 150 mM NaCl, 5 mM b-mercaptoethanol, and protease
inhibitor cocktail (Roche). The cells were lysed with a cell disrupter
(Avestin), and the lysate was centrifuged for 90 min at 40,000 g. The
lysate was then applied to a His-Select nickel column (Sigma) and
eluted via an imidazole gradient. Fractions containing the Sec13-
Nup145C complex were pooled and dialyzed against a buffer contain-
ing 20 mM HEPES, pH 7.4, 50 mM NaCl, and 3 mM DTT. The protein
was purified over a HiTrap Q HP column (GE Healthcare) via an NaCl
gradient and further purified over a 16/60 Superdex 200 column (GE
Healthcare). Fractions containing the pure Sec13-Nup145C complex
were pooled and concentrated to 12 mg/ml for crystallization.
The expression and purification of the Seh1-Nup85 complex and the
various individual Sec13 proteins were carried out using an identical
expression and purification protocol. The N-terminal 6-His tag of
Sec13 was removed by PreScission protease cleavage for 36 hr.
Crystallization
Crystals of hSec131–316-Nup145C (12 mg/ml) were grown at 21C in
hanging drops containing 1 ml of the protein and 1 ml of a reservoir
solution consisting of 16% (w/v) PEG 3,350, 400 mM NaCl, 100 mM
Na-K tartrate, and 100 mM BIS-TRIS, pH 7.7. Crystals grew in the or-1324 Cell 131, 1313–1326, December 28, 2007 ª2007 Elsevierthorhombic space group C2221 and the monoclinic space group C2.
Both crystal forms contain a Sec13-Nup145C hetero-octamer in the
asymmetric unit. They grew to their maximum size, 1000 3 300 3
200 mm, within 16 days. For cryoprotection, crystals were stabilized
in 16% (w/v) PEG 3,350, 400 mM NaCl, 100 mM Na-K tartrate,
100 mM BIS-TRIS, pH 7.7, and 22% (v/v) glycerol and flash frozen in
liquid nitrogen-cooled liquid propane. X-ray diffraction data were col-
lected at the Advanced Light Source (ALS) and the National Synchro-
tron Light Source (NSLS). X-ray intensities were processed using
HKL2000 (Otwinowski and Minor, 1997), and the CCP4 program pack-
age (CCP4, 1994) was used for subsequent calculations.
Structure Determination
Initial phases were determined using a [Ta6Br12]
2+ cluster derivative
and MAD measurements of the orthorhombic crystals (Hoelz et al.,
2003; Murakami et al., 2000; Stavropoulos et al., 2006). These phases
were used to locate the heavy atom sites of sodium ethylmercurithio-
salicylate (EMTS), potassium osmate (K2OsO4), and di-potassium tet-
rachloroplatinate (K2PtCl4)-derivatized and SeMet-labeled protein
crystals (Figure S2). Combined phasing using isomorphous EMTS,
K2OsO4, and SeMet MAD and native datasets was carried out in
SHARP (La Fortelle and Bricogne, 1997), followed by density modifica-
tion in DM (CCP4, 1994), with solvent flattening and histogram match-
ing. This procedure yielded an interpretable electron density map of
high quality. Phasing of the X-ray diffraction data derived from the
monoclinic crystals was carried out independently with a similar phas-
ing protocol, yielding an electron density map of comparable quality.
The initial model was built into the electron density map of the ortho-
rhombic crystal form using O (Jones et al., 1991) and refined using
CNS (Bru¨nger et al., 1998). The final model was refined to a 3.0 A˚ res-
olution with an Rwork of 24.7% and an Rfree of 28.9%. No electron den-
sity was observed for the N-terminal 14 and C-terminal 12 residues,
the residues 165 to 172 in Sec13, and the N-terminal six residues of
Nup145C. These residues are presumed to be disordered and there-
fore have been omitted from the final model.
This final model was docked into the experimental electron density
map of the monoclinic crystal form and refined using CNS. The final
model was refined to a 3.15 A˚ resolution with an Rwork of 24.7% and
an Rfree of 29.2%. The stereochemical quality of both final models
was assessed with PROCHECK (Laskowski et al., 1993). There are
no residues in the disallowed region of the Ramachandran plot. Data
collection and refinement statistics are shown in Tables S1 and S2.
Multiangle Light Scattering
Protein at various concentrations was injected onto a Superdex
200 10/300 GL column equilibrated in a buffer containing 20 mM
TRIS, pH 8.0, 100 mM NaCl, and 5 mM DTT. The chromatography sys-
tem was coupled to an 18-angle light scattering detector (DAWN HE-
LEOS) and a refractive index detector (Optilab rEX) (Wyatt Technol-
ogy). Data were collected every 0.5 s at a flow rate of 0.4 ml/min.
Data analysis was carried out using the program ASTRA, yielding the
molar mass and mass distribution (polydispersity) of the sample
(Wyatt, 1997).
Illustrations and Figures
Figures were generated using PyMOL (www.pymol.org). The molecu-
lar surfaces were calculated using MSMS (Sanner et al., 1996), and the
electrostatic potential was calculated using APBS (Baker et al., 2001).
Sequence alignments were generated using ClustalX (Jeanmougin
et al., 1998) and colored with Alscript (Barton, 1993).
Supplemental Data
Supplemental Data include eleven figures, three tables, four movies,
Supplemental Experimental Procedures, and Supplemental Refer-
ences and can be found with this article online at http://www.cell.
com/cgi/content/full/131/7/1313/DC1/.Inc.
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